INTRODUCTION
Water has been called the bloodstream of the biosphere because of the way it connects distant places (Ripl 2003) . In our human dominated world, water also connects people who live in different places, and these connections bring opportunities and conflicts. In many densely settled agricultural watersheds, water quality is a point of conflict between amenity, e.g., tourism related, and agricultural activities. This is because excess fertilizer from agriculture pollutes water, in turn reducing water quality and impairing the production of drinking water, swimming, and fishing (Carpenter et al. 1998) . Additionally, lowered water quality can cause substantial economic losses if it reduces tourism or triggers declines in the value of waterfront property (Leggett and Bockstael 2000) . Successful governance of agricultural watersheds requires coordination of activities between agricultural and amenity-based water user groups to produce mutually desired outcomes. In practice, however, coordination is difficult because of differences in practices, interests, values, and management structures among these groups (Lubell et al. 2002 , Ison et al. 2007 , Lubell and Fulton 2008 .
To improve coordination in agricultural watersheds, governments and nongovernmental organizations have invested in building networks among users and userorganizations. Network building investments have often created or funded bridging organizations to support and maintain collaborative networks (Imperial 2005 , Lubell and Fulton 2008 , Pahl-Wostl and Kranz 2010 . Bridging organizations are organizations whose activities mediate connection between people or groups who would otherwise have not been connected (Berkes 2007) . In a mediating position, bridging organizations can facilitate coordinated and consistent management action between actors/actor groups who lack resources, mandates, or interest in connecting directly with each other. Cross-scale linkages, horizontally across landscapes and vertically between actors from local to watershed scale, are especially important for shared resources, such as water, whose users operate at multiple spatial scales Ecology and Society 17(2): 24 http://www.ecologyandsociety.org/vol17/iss2/art24/ (Cash et al. 2006 , Olsson et al. 2007 ). Social network analysis has been used to understand how bridging organizations enable coordination among actors (Olsson et al. 2007) , however, research is just beginning to explore how bridging organizations contribute to the structure and functioning of networks for robust natural resource management (Marín and Berkes 2010 ).
We used one-mode networks to represent direct collaboration between municipal units, and two-mode networks to capture how bridging organizations indirectly connect municipalities (Scott 2000) . Scholars in both the social and natural sciences have utilized social network analysis (SNA) as a tool to analyze interactions among individuals and groups (see Borgatti et al. 2009 for a summary). In social networks, nodes represent people or organizations, whereas links represent relations between nodes, such as communication patterns, collaborations, or resource exchange (Bodin and Crona 2009 ). Once a system has been defined in terms of nodes and links, the network can be analyzed using SNA (Wasserman and Faust 1994, Scott 2000) . Social network structure can be used to analyze how patterns of linkage vary among nodes, and how variation in connectedness influences the behavior of network nodes.
We used social network analysis to examine how local governments, in our case municipalities, work with one another directly, and indirectly via bridging organizations to manage water across an agricultural landscape. The study of social-ecological systems has benefitted from using social network analysis techniques developed in fields such as sociology, organizational science, and public administration (Provan and Kenis 2008 , Scholz et al. 2008 , Bodin and Crona 2009 , Pahl-Wostl and Kranz 2010 to examine how social network structure affects network performance and activity (Sandström and Carlsson 2008, Newig et al. 2010) . We build upon this work by examining how social-ecological context is related to network structure and activity. By combining social network analysis with geographical information systems (GIS) and spatial analysis, we mapped and assessed how collaborative water quality management networks are shaped by heterogeneity within a social-ecological landscape.
We did this for a portion of the Montérégie region, an agricultural landscape near Montréal, Canada. We assessed the municipal ecosystem service use (Raudsepp-Hearne et al. 2010) to identify the social-ecological orientation of each municipality toward agriculture or tourism related ecosystem services. We collected information on how municipalities manage water by assessing to what extent they engage in municipal water management activities and how they collaborate with each other and bridging organizations in social networks to manage water (Fig. 1) . We quantitatively investigated the relationships between the social network attributes of municipalities and municipal engagement in water quality management. Our research made explicit connections between social network structures and the ecological landscape these networks manage by answering three inter-related questions:
1. How are municipalities collaborating to address water quality management? a) with each other (in one-mode networks) b) with other governmental and nongovernmental and bridging organizations (in two-mode networks)
2. Are the activities and networks of tourist and agricultural municipalities different?
3. Do more connected municipalities engage in more water quality management activities?
Fig. 1.
Our research analyzes a social-ecological landscape by examining how direct (black) and indirect (purple) social networks among municipalities are related to municipal water management activities, and the agricultural or tourism oriented use of ecosystem services within each municipality.
These questions allowed us to understand how the region's social networks shape, and in turn are shaped by, the socialecological landscape within which they are embedded. The question of how municipalities collaborate with one another is important because coordination is required to ensure that a municipality's efforts to improve water quality are not offset by continued pollution from other watershed users. Because poor water quality is a problem in the Montérégie and management of water quality a legally mandated task in the region, we expected that municipalities would work with one another to address these problems (Government of Québec 2002 , Mimeault 2002 . Furthermore, there are governmental and nongovernmental organizations in the area that have been established to work with and connect municipalities within the region, regarding general issues of governance and to http://www.ecologyandsociety.org/vol17/iss2/art24/ specifically address water quality issues. We expected that these organizations would facilitate connections among the municipalities.
Assessing differences between tourism and agriculturally oriented municipalities is important because agriculture and amenity-based uses of ecosystems encourage activities whose respective use of water conflict with each other. Because social networks often exhibit homophily, meaning that similar actors connect to one another (Schneider et al. 2003, Newman and Dale 2007) , it is expected that municipalities with similar problems would be more likely to work together than those whose problems differ (Coleman 1990 , Lin 2001 . However, solving water quality problems requires collaboration between agriculturally and tourism oriented municipalities, because most of the water quality problems originate from agricultural activities (Delisle et al. 1998 , Mimeault 2002 , Gangbazo and Babin 2000 . We expected that neighboring municipalities should be more likely to work on projects together than nonneighboring municipalities, because neighbors are more likely to have shared problems, such as a eutrophic lake that crosses municipal boundaries. Working together to address these problems can be expected to be cheaper and more successful than working alone. To test if patterns of collaboration vary among municipalities with different ecosystem service orientations, we compared how direct or indirect collaborations among municipalities are related to a municipality's utilization of agriculture or tourism related ecosystem services, or whether it is a neighbor of its collaborators.
Assessing whether municipalities with more connections in social networks engage in more water quality management activities is important because social network theory suggests municipalities that have more connections to others should have more capacity to engage in activities (Schneider et al. 2003 , Scholz et al. 2008 . However, there is not a broad body of empirical work to support this belief, especially in the context of common pool resources, such as shared freshwater resources (Bodin and Crona 2009) . It is expected that more connected municipalities are more likely to be engaged in water management activities than less connected municipalities. Such a relationship between collaboration and activities would suggest that investments in building networks between resource users are sensible, whereas a negative relationship would suggest they are not.
METHODS

Study site
Our research examined 34 municipalities located on a transect across the Montérégie of Québec, Canada (Fig. 2) . The Montérégie is east of metropolitan Montréal, Québec, Canada, and a city of 3.6 million people. The Montérégie itself is inhabited by about 1.4 million people and includes the Richelieu and Yamaska watersheds whose Canadian portions cover an area of about 7300 km² (Raudsepp-Hearne et al. 2010) . In Québec, municipalities are spatially defined administrative governing units. Each municipality plays an important role in local water quality management and is responsible for the implementation of government rules and regulations, such as buffer zones around rivers and streams.
Fig. 2.
Our Montérégie study region is in Québec, just north of Canada's border with the USA. It includes 34 municipalities from the Richlieu and Yamaska watersheds. Municipalities are divided into two groups based on a cluster analysis of six ecosystem services. Municipalities oriented toward agricultural production are shaded pink and tourism oriented municipalities are shaded green.
The Montérégie has a substantial water quality problem that has resulted in lake closures and significantly impacted the tourism industry. Water quality in several rivers is below regulatory standards, and provincial and local governments are required to address these problems. The transect of municipalities was chosen to span the diversity of ecosystems across the region to facilitate an analysis of how municipalities with different ecosystem services interact in social networks to manage water quality. Within Québec, the Montérégie is known for its orchards, food, and mountains, but the region combines suburbs, intensive agriculture, tourism, and regional towns. In the west, near Montréal, agricultural land is being converted to housing, while apple orchards and regional forests attract tourists. In the center of the region, industrialized farming and large-scale pork production dominate the landscape. In the east, the landscape is forested and contains many summer cottages (Raudsepp-Hearne et al. 2010) . Large rivers, streams, and lakes connect the municipalities. For example, the Yamaska River flows between municipalities with dense forested hills and municipalities with industrial agriculture.
Ecology and Society 17(2): 24 http://www.ecologyandsociety.org/vol17/iss2/art24/ Our study region contains municipalities that fall within two large watersheds, the Yamaska and Richelieu. Direct collaboration between municipalities in different watersheds will not have the same direct impact on water quality as collaborations within the same watershed. However, regional collaborative networks are important because some municipalities are in both watersheds and collaboration between watersheds can enhance knowledge sharing and improve water management practices.
Social networks
We collected data on social network ties and management activities performed by municipalities using structured interviews with representatives from each of the 34 municipalities in the study site (Appendix 1). We used this data to construct networks that show direct connections among municipalities (one-mode network) and indirect connections via bridging organizations (two-mode network).
In each municipality, mayors or directors general were asked to identify the actor groups their municipality collaborates with for water quality management. These representatives were chosen because they oversee all projects and activities involved at the municipal level. They are also the representatives for their municipalities on boards and committees, giving them a good understanding of how their municipality interacts with other organizations. Interviewees were asked to relate (a) which other municipalities they collaborate with for management of water resources, and (b) which bridging organizations, formal government agencies, and NGOs their respective municipality collaborates with regarding water quality management. They were first allowed to give an open-ended answer before being asked to choose from a list of government and nongovernmental organizations. This list was developed in preliminary interviews and previous regional analyses (Appendix 2). After initial analysis of the network data, a second round of interviews was performed to clarify nonreciprocated ties between municipalities. Only reciprocated ties between municipalities are used in our analysis.
This analysis investigates only collaborative ties. Collaborative network ties are the strongest of four types of interaction investigated in our research study and were defined during interviews as situations in which municipalities collaborate to "organize joint projects and activities" (see Appendix 1). In this context collaboration implies a shared vision and meaningful interaction to execute joint projects and activities. Our analysis focuses on collaborative ties because they are the strongest ties in the landscape and result in changes in ecological management.
We analyzed connections among municipalities using oneand two-mode networks (Scott 2000) . One-mode networks were used to analyze the direct connections among municipalities, and two-mode networks were used to analyze the networks among municipalities that are formed indirectly via their collaborations with bridging organizations. The networks were analyzed and graphed using the SNA package (Butts 2005) in the statistical software R (R Development Core Team 2010). We used Arc Map GIS and R to display how collaborations among municipalities and organizations are spatially distributed across the study region.
To determine the one-mode network of collaboration between municipalities we created socio-matrices representing collaborative ties between municipalities (n = 34; Wasserman and Faust 1994) . Because other governmental and nongovernmental organizations also work with municipalities and influence water quality management, we analyzed how municipalities were indirectly connected to each other via these organizations by creating a two-mode network. Municipal representatives were asked to create a list of the organizations they collaborated with for water quality management (n = 64). If municipalities collaborated with the same organization, they were considered indirectly connected (two-mode network). We considered organizations that indirectly connect multiple municipalities to bridging organizations and the connectivity of these bridging organizations was ranked based on the number of collaborative ties they have with municipalities.
Social-ecological heterogeneity: agriculture vs. tourism
We categorized each municipality as agriculture or tourism oriented based on its use of ecosystem services. We made this distinction using a K-means cluster analysis in the statistical program R to separate municipalities into two groups based on data for six ecosystem services; crop production (% municipal land used for crop production), pork production (number of pigs produced per km²), forest recreation (% of municipal land covered by forest), nature appreciation (number of reported sightings of rare species per km²), summer cottages (tax value of cottages per km²), and tourist attractions (number of tourist attractions per km²; Raudsepp-Hearne et al. 2010) . By separating municipalities into these groups, we accounted for 67% of the variation among municipalities in these ecosystem services. As can be observed in Figure 2 , the agricultural and tourist municipalities are spatially clustered (Moran's I, P < 0.01).
We used t-tests to compare tourist and agricultural municipalities as groups, to determine if they have different numbers of overall collaborations or engage in different amounts of water quality management activity. We also used t-tests to determine if the connections of bridging organizations, divided into government agencies and nongovernmental organizations tended toward tourist or agricultural municipalities. As well, t-tests revealed whether tourist and agricultural municipalities were more likely to connect to other municipalities of their type. We tested for http://www.ecologyandsociety.org/vol17/iss2/art24/ spatial auto-correlation of bridging organization links using Moran's I.
Water quality management activities
Interviewees were asked about the actions their municipality employed regarding water quality management. They were then asked if their municipality employed specific water quality management activities, from a list of 30 activities (Appendix 2). If management activities were implemented, interviewees were also asked if any other organizations were involved in the implementation. The list of activities consists of government rules and regulations, projects, and activities described by municipalities or outlined on the web pages of nongovernmental organizations operating in the region. Governmental obligations for water quality management were found in government documents and from preliminary interviews with representatives of MRCs, i.e., regional government organizations whose French name can be translated as Municipal Regional Counties. These organizations belong to an administrative level that oversees municipalities. Each MRC is composed of several municipalities. Activities were organized in a database and categorized based on our own criteria of activity type.
We classified the activities into four categories to separate activities based on collaboration from activities a municipality undertook alone. We also separated legally mandated activities from those undertaken on the initiative of a municipality. Total activities define all management activities pursued by a municipality. Initiative-based activities, such as management plans for protected areas and lake experiments, describe activities a municipality pursues beyond the implementation of government rules and regulations. Total activities alone, and total initiative-based activities alone are subsets of the above categories defined to distinguish between activities municipalities report doing alone and activities that municipalities report doing with the support/leadership/ collaboration of another municipality, organization, or government agency.
Networks and water quality management activities
We tested whether the number of collaborative ties a municipality had was related to engagement in water quality management activities. We did this by testing whether the number of collaborative ties was correlated with (a) the total number of water quality management activities municipalities performed alone, (b) the number of initiative-based, i.e., not required by regulation, activities municipalities performed alone, and (c) the total number of water management activities performed. We use the subset of total activities alone to control for the likely confounding influence of collaborative activities with number of collaborations, and total initiative-based activities alone to test whether the number of collaborations in social networks is related to the number of activities that are not required by regulation.
To control for the impact of other aspects of land-use, demography, and world-view that vary among municipalities, we used hierarchical portioning. Hierarchical portioning is a statistical method that analyzes all possible models in a multiple regression to identify the contribution of each variable to the total variance, both independently and in conjunction with the other variables, to infer the impact of each variable (Chevan and Sutherland 1991, MacNally 2002) . Specifically, we used hierarchical portioning to test the independent effect of collaboration in conjunction with the proportion of the municipality in cropland, average income, population density, the presence of an environmental committee council, and whether municipalities considered "water quality to be an important problem" or "regional algae to be an important problem." We applied the hierarchical portioning approach using the 'hier.part' package (MacNally and Walsh 2004) in R (R Development Core Team 2010). We assumed Gaussian errors and calculated goodness of fit using R². The statistical significance of the independent effect of each variable was determined using a randomization approach (n = 1000) to calculate Z scores (MacNally 2002).
RESULTS
Social networks
There was a low level of connectivity between municipalities (Fig. 3) . The one-mode analysis of municipal collaboration revealed only two examples of collaborative network ties between municipalities for shared water management activities in the region, and both were between neighbors (Fig.  3a) . The two-mode network revealed that indirect connections via bridging organizations are much more common than direct connections between municipalities (Fig. 3b,c,d ). Although there were only two links between municipalities, municipalities have 55 links with NGOs and 51 links with government organizations.
Municipalities exhibited a wide range of collaborative behavior. The range included municipalities that were not connected to others, through to municipalities that were connected to several bridging organizations in addition to other municipalities (Fig. 4) . A few municipalities, such as Saint-Alphonse and Saint-Damase, had no collaboration regarding water quality with other municipalities or bridging organizations. Disconnected municipalities were, for the most part, situated in the center of our study region. Most municipalities maintained no collaboration with other municipalities but were connected to the larger water quality management network via bridging organizations. Figures 3  and 4 show that although most municipalities did not collaborate with each other, many collaborated with governmental and nongovernmental organizations. Finally, a small group of municipalities, such as Shefford and Waterloo, had both local collaborations for water quality management with neighboring municipalities as well as robust collaborative http://www.ecologyandsociety.org/vol17/iss2/art24/ network ties with government and nongovernmental bridging organizations. The activity of bridging organizations was spatially clustered (P = 0.013), but there were no significant differences in network structure between the two watersheds under investigation. Consequently, some areas of the landscape had a high concentration of collaboration with these bridging organizations, whereas others had few (Fig. 5) . For example, in the east the municipality of Beloeil was connected to three organizations and five government agencies, whereas Saint-Alphonse, Saint-Damase, and Sainte-Paul d'Abbotsford, in the center of the study region, were not connected to any organizations or municipalities. In summary, the water quality management network was dense for a few municipalities, sparse for many more, and absent for a few others.
Twenty bridging organizations connected municipalities to each other in the Montérégie. However, the seven most connected bridging organizations provided over 50% of the connections (Table 1) . Although these seven organizations were the most connected in the study area, this did not translate into high connectivity in the region. This result speaks to the disjointed nature of water quality management throughout the Montérégie, while at the same time offering insight for how the most connected bridging organizations could strategically improve regional connectivity. For example, bridging The range includes municipalities that are not connected to others, through to municipalities that are connected to several bridging organizations and other municipalities. Yellow indicates the number of collaborations a municipality reported with government agencies, blue demonstrates the number of collaborations a municipality reported with nongovernmental organizations, and red indicates the number of collaborations municipalities have with other municipalities. This figure demonstrates that municipalities maintain both a range in collaborative behavior, as well as collaboration with a diversity of actor group types, i.e., government, NGO, municipality.
organizations could collaborate more with disconnected municipalities. We describe ( Table 2 ) the mandates of several of the most connected bridging organizations, their pattern of connection, and municipal attitudes toward these organizations as revealed during interviews.
The most connected organization was the Québec Ministry of Sustainable Development, Environment and Parks (in French Ministère du Développement durable, de l'Environnement et Parcs or MDDEP). It was not surprising that the MDDEP has the most collaborative connections in the network because it has a provincial mandate to support and enforce municipal action regarding water quality management (Government of Québec 2002). However, the MDDEP did not connect to most municipalities. Figure 5a shows that the majority of the municipalities (21 of 34) do not report collaboration with this provincial agency. Comments from municipalities in interviews provide possible reasons for this lack of collaboration. Municipal directors stated they lacked trust in this large government agency and they perceived that MDDEP policies were not sensitive to their local context, and the MDDEP was unwilling to engage in dialogue with them. This lack of trust in the MDDEP likely impedes its ability to connect with the region, and improving its relationship with municipalities could be an important step toward improving connectivity for water management in the region (Pretty and Ward 2001, Pretty 2003) . Another set of organizations that provided substantial connectivity in our study area were Municipal Regional Councils (MRCs). In Québec MRCs are regional level government organizations made up of the municipalities they contain. Each MRC has a mandate to support and enforce water quality management; therefore we were surprised by the number of municipalities in each MRC that did not collaborate on water quality management issues with the MRC to which they belonged (Fig. 5b) . Interviewees varied in their attitude and engagement with the MRCs. Some municipalities reported a dependency and confidence in the MRC as an agency to address and support water quality management in their jurisdiction, whereas other municipalities had little confidence that their MRC could provide them support and opportunities for collaboration with other municipalities. This variance is evident in Figure 5b , showing the extent to which MRCs collaborated with the municipalities in their jurisdiction regarding water quality management. For example, in the east, the MRC La Haute Yamaska collaborated with six municipalities, however it did not collaborate with SaintAlphonse. Like the MDDEP, our results indicated that the MRC, as a government agency, did not maintain evenly distributed collaborative efforts across the landscape. In fact, often it was the same municipalities, for example SaintAlphonse, that reported no collaboration with the MDDEP and the MRC.
Two of the most connected NGOs, Conseil de gestion du bassin versant de la Yamaska (COGEBY) and Comité de concertation et de valorisation du bassin de la Rivière (COVABAR), were established and are funded by the Ecology and Society 17(2): 24 http://www.ecologyandsociety.org/vol17/iss2/art24/ provincial government to act as watershed bridging organizations. However, similar to organizations discussed above, these watershed organizations did not collaborate with all the municipalities within their respective watersheds and collaborated less with the agricultural municipalities who disproportionately pollute water. Agricultural municipalities such as Saint-Denis-sur-Richelieu in the northwest section of the study site, or Saint-Damase and Ange-Gardian located in the center of the study site, did not collaborate with Québec's governmental agencies or with these watershed organizations.
The most connected NGO in our study was the Nature Center of Mont-Saint-Hilaire. It connected a cluster of municipalities in the west of our study region surrounding Mont-Saint-Hilaire (Fig. 5d) . The Nature Center collaborated beyond the area of the mountain, and worked with more agricultural municipalities than tourism municipalities, a trend unique to this bridging organization (Fig. 5d ). Our study site contained three municipalities with forested mountains, but only MontSaint-Hilaire maintained a network among the municipalities that surround it.
Social-ecological heterogeneity: agriculture vs. tourism
The types of ecosystem services produced in a municipality were strongly related to its pattern of collaboration. The only two direct collaborative ties between municipalities were between tourism municipalities. Tourism municipalities had approximately twice the number of collaborations with bridging organizations than agricultural municipalities (4.12 vs. 2.24, t-test, P < 0.01). This pattern was driven by tourism municipalities reporting more than twice as much collaboration with nongovernmental organizations than agricultural municipalities (1.88 vs. 0.82, P < 0.01). There was no significant difference in collaboration between agricultural and tourism municipalities for governmental organizations. Of the most central bridging organizations (Table 1) , only the Mont-Saint-Hilaire Nature Center had more collaboration with agricultural municipalities than tourism municipalities.
Tourist municipalities performed more total activities than agricultural municipalities (15.59 vs. 12.59, P < 0.06). Tourist municipalities also performed more initiative-based activities than their agricultural counterparts (5.18 vs. 3.24, P < 0.05).
There was no significant difference in the activities performed alone by the two groups.
Networks and management activities
Municipal engagement in water quality management activities varied enormously between municipalities. The municipality most engaged in water quality management activities reported 23 activities, whereas the least engaged reported only three activities (Appendix 2). Unlike collaborative links, municipal management activities were not significantly spatially clustered (Fig. 6 ).
Ecology and Society 17(2): 24 http://www.ecologyandsociety.org/vol17/iss2/art24/ The total number of collaborations a municipality had was robustly correlated with a municipality's number of water quality management activities. Collaborative ties were positively correlated with the total number of management activities a municipality performed alone (total activities alone; R = 0.596, P < 0.001), the number of initiative-based activities a municipality performed alone (total initiativebased activities alone; R = 0.670, P < 0.0001), and with the total number of water quality management activities (total activities; R = 0.701, P < 0.0001). The hierarchical partitioning analysis also robustly demonstrated that a municipality's collaborations had the largest, and most consistent, effect on total number of activities a municipality performs; the number of management activities a municipality performs alone; and the number of initiativebased activities a municipality performs alone. Independent variation in total activities was 24% explained by total collaborations, and 14% by average family income. Independent variation in activities initiated by a municipality was 27% explained by total collaborations, and 12% by whether a municipality viewed water quality as one of their largest problems. Independent variation in activities conducted by a municipality alone was 22% explained by total collaborations, and 14% by average family income. Water quality, proportion of cropland, perceived regional and "municipal importance of algae in water," and "setting of goals for water quality" had no significant effect on the number of activities conducted in a municipality.
DISCUSSION
Contrary to our expectation that municipalities would directly collaborate with their neighbors and other municipalities that shared their orientation toward agriculture or tourism, we found that direct intermunicipal collaboration was rare. Instead, municipalities were indirectly connected, in twomode networks, via bridging organizations.
Agricultural and tourism municipalities differed in their connections to bridging organizations and engagement in water management activities. Tourism municipalities were twice as connected as agriculturally oriented municipalities to bridging organizations, and agricultural municipalities were engaged in fewer water quality management activities. In other words, agricultural areas were less connected and less engaged in activities to improve water. That there is not a more integrated network is not surprising, in that water quality problems in this region are not resolved. However, it is interesting that the ecosystem service orientation of the municipality explains so much of the variation. The fact that bridging organizations work the least with municipalities who pollute the water most likely contributes to the inability of the region to solve their shared water quality problems (van Bueren et al. 2003 , Head 2008 . This disconnection between agriculture and tourism is particularly important in the Montérégie because agricultural municipalities produce most of the water problems. Both governmental and nongovernmental bridging organizations are failing to bridge the agricultural-tourism divide, but rather they are connecting similar municipalities to one another. We are unable to identify whether this difference is driven by the bridging organizations, the municipalities, or is due to their interaction.
Our research suggests that differences in collaboration are related to differences in water management. Researchers have suggested social networks among actors/actor groups enhance resource management (Crona and Bodin 2006 , Lubell and Fulton 2008 , Bodin and Crona 2009 ) and our results support this relationship. Our statistical analysis revealed that collaborative ties in social networks robustly predicted water management activities conducted alone or in collaboration, as well as activities mandated by law or undertaken under a municipal initiative. Furthermore, hierarchical portioning tests showed that the number of collaborations better explained variation in water management activities than the demographic properties of a municipality or the views of a municipality on water quality. While our results do not demonstrate that network links cause water management activities, or vice versa, they do show the two are found together. A study of the relationships between network dynamics and water management activities over time may be Ecology and Society 17(2): 24 http://www.ecologyandsociety.org/vol17/iss2/art24/ able to unravel causation, but we expect that causation is complex, with collaboration in social networks and engagement in activities mutually reinforcing one another.
Implications of results for the Montérégie region
The Montérégie has a water quality problem that is not being solved. Poor water quality has resulted in lake closures and significantly impacted the tourism industry. Furthermore, water quality in several rivers is below regulatory standards (Raudsepp-Hearne et al. 2010) . A formally articulated goal of many organizations in the region is to improve its poor water quality (Government of Québec 2002), however, to date these efforts have only been partially successful.
Water quality management activities can improve the quality of water, and our results show that engagement in water quality management activities is strongly related to engagement in collaborations with bridging organizations. This result suggests that the strategy of creating and funding bridging organizations has likely contributed to an increase in water management activity because of increased collaboration among municipalities. However, the connections to bridging organizations largely mirror the social-ecological heterogeneity of the region rather than bridging conflicting user groups.
We identified three types of weaknesses in the region's collaborative water management network. The presence of these weaknesses suggests there is room for improving the network, which may further improve water quality management. First, we found that there were gaps as well as weak connections in the network among municipalities. Some municipalities were neither connected directly nor indirectly to other municipalities. We found a striking absence of direct collaborations between municipalities (only 4 out of 34). Second, we found that much of the networking for water quality management was not very robust. Many municipalities were only weakly connected to other municipalities because they were connected via bridging organizations that they did not trust, and they lacked alternative links to help them connect to other municipalities. Third, we found NGOs, with the exception of the Mont-Saint-Hilaire Nature Centre, collaborated much more with tourism municipalities. This tendency is reinforcing problematic social-ecological divisions in the landscape. Although municipal engagement in collaborations is not, by itself, sufficient to solve water quality problems, without such expanded networks, which include all municipalities and enable coordination, effective water management within the region is likely to remain limited (Ostrom 1991 , Ostrom et al. 1999 ).
Our results demonstrate that water management activities are highly correlated with collaborative ties and suggest that improving water management collaborations could yield further improvements in water quality. Based on our analysis we advise three overlapping strategies to address weaknesses in the water management network. To begin with, government organizations could try to improve the quality of the relationship between municipal and larger scale government organizations. This would improve the number of municipalities these organizations collaborate with and the quality of their collaborations. As well, NGOs could increase their efforts to build collaboration with more municipalities, with a goal to strengthen connections with agricultural municipalities specifically. The particular success of the Mont-Saint-Hilaire Nature Centre in bridging multiple types of municipalities suggests that this organization could be a model for others. Lastly, municipalities could work more with one another. These connections could be encouraged by bridging organizations, as well as by increased technical, administrative, social, or financial support to municipalities.
The current clustering of direct collaborations, indirect collaborations, and collaboration gaps, suggests that a targeted water management strategy could be expanded from existing hotspots of effective municipal water management to the unconnected, or weakly connected municipalities. This may prove to be the most effective strategy for generally increasing management activities in the watershed. Such an approach could build on existing successes while disrupting the observed pattern of the more densely connected networks in tourism areas only. An alternate approach would be to focus efforts and resources on the municipalities disconnected from the water quality management network.
Building regional water management collaborations would be expedited if all concerned parties understood the local barriers to the formation of such networks. We suggest three areas for further investigation about network formation. First, it would be useful to understand the reasons for the existing sparse connections among municipalities, by discovering what factors drive engagement of organizations and municipalities in water management collaborations. By gaining a better understanding of why municipalities remain disconnected, more effective strategies can be employed to connect actor groups across watersheds. Second, understanding the social, economic, or cultural factors that cause differences in connectivity between agricultural and tourism municipalities would assist bridging organizations to design strategies for developing a more collaborative water quality network that explicitly targets the division between agriculture and tourism. Third, by studying which management activities most improve water quality and testing how the establishment, or loss, of collaborative links over time influences employment of effective water management strategies, watershed actor groups could identify robust approaches to best improve water management.
Research frontiers beyond the Montérégie
Our research makes three contributions to the study of social networks in social-ecological systems that we believe can be used to advance social-ecological research. First, we http://www.ecologyandsociety.org/vol17/iss2/art24/ demonstrate that social network structure, specifically the number of collaborations, is correlated with the extent of engagement in management activities. Second, we demonstrate that the distribution of ecosystem services is related to the shape of social network structure. Third, our work confirms the importance of bridging organizations in creating connectivity across regions, but shows that connections forged via bridging organizations can leave substantial gaps in regional networks.
Although many researchers have investigated the important relationship between social network structure and various criteria of management success (Provan and Milward 2001 , Sandström and Carlsson 2008 , Scholz et al. 2008 , there has been less attention paid to how the ecological context of social networks shapes their form (Pahl-Wostl 2009 , Lubell et al. 2002 . A social-ecological approach to social networks requires testing both how a social network performs and how a network varies with its ecological context. Our strategy of relating network structure to ecosystem services and ecological management activities provides one approach to combining the social and ecological (Fig. 1) that could be applied to other cases. Diversity in social-ecological landscapes builds resilience, but complicates management. In our study, social networks, water management, and ecosystem service use are unevenly distributed across the landscape. This diversity contributes to resilience, by providing multiple forms of diversity to cope with and adapt to change (Peterson et al. 1998 ). However, we found that this diversity also impeded integrated water management, because different ecosystem service users remained unconnected. Our research suggests the inclusion of social-ecological heterogeneity in analysis of regional management would be useful for detecting barriers to integrated management, and may help discover solutions that allow both integrated management and social-ecological landscape diversity.
Bridging organizations can coordinate action to produce integrated management without depleting social-ecological diversity. By connecting diverse watershed actors, e.g., agricultural and tourism based municipalities, bridging organizations can facilitate the coordinated and consistent management of shared resources (Cash et al. 2006 , Berkes 2007 , Olsson et al. 2007 ). In theory, bridging organizations are well suited for such a task because they span watershed regions and provide a common mechanism for coordinating the efforts of municipalities that may not work directly together. However, in the Montérégie, connections to bridging organizations are structurally biased by the social-ecological properties of the landscape. We show that bridging organizations in the Montérégie connect more frequently with tourist municipalities than agricultural municipalities, thereby working the least with municipalities that pollute water the most. This orientation also creates network 'hotspots' whereby municipalities in particular areas of the landscape maintain a disproportionately high number of collaborations with a variety of bridging organizations. This tendency reinforces social-ecological heterogeneity rather than coordinating action between conflicting user groups. This result suggests that research on bridging organizations that considers their social-ecological properties may reveal social-ecological gaps and hotspots within their networks.
CONCLUSIONS
Our research shows the value of considering the socialecological context of social networks. We posed three questions on the relationship between social networks, management, and ecosystem services in the Montérégie, and answered them by linking social networks to water management and ecosystem service use. We discovered that, contrary to our expectations, networks between municipalities were rarely established directly between neighbors, but were primarily indirect via governmental and nongovernmental bridging organizations. However, even those bridging organizations only partially connected the municipalities of the region, leaving many municipalities weakly connected and some completely isolated. This lack of connection appears to be important because we found the connectedness of municipalities was positively correlated with their engagement in water quality management activities, both individually and in collaboration with others. Finally, we discovered that the ecosystem service type of a municipality, tourism or agricultural, was strongly related to network structure, showing that tourism municipalities were more connected to one another and to bridging organizations than agricultural municipalities were.
In combination these findings revealed an ecosystem service divide within the water management network in the Montérégie and allowed us to identify collaborative hotspots and gaps within this landscape. These results suggest using strategies for building collaboration that best fit the socialecological structure of the landscape, and also suggest that a social-ecological approach can improve the analysis of social networks in natural resource management. 
